Originally identified as an innate cytotoxin, nitric oxide (•NO) formation in tumors can influence chemotherapy and exacerbate cancer progression. Here, we examined the hypothesis that •NO generation contributes to cancer cell drug resistance towards the widely used anticancer drug Etoposide (VP-16). The UV-V is spectrum of VP-16 was not changed by exposure of VP-16 to •NO in aqueous buffer. In contrast, reddish-orange compound(s) characteristic of o-quinone-and nitroso-VP-16, were readily generated in a hydrophobic medium (chloroform) in an oxygendependent manner. Similar products were also formed when the VP-16 radical, generated from VP-16 and horseradish peroxidase/H 2 O 2 , was exposed directly to •NO in chloroform in the presence of oxygen. Separation and spectral analysis of VP-16 reaction extracts by electron spin resonance and UV-Vis indicated generation of the phenoxy radical and the o-quinone of VP-16, as well as putative nitroxide, iminoxyl and other nitrogen oxide intermediates. Nitric oxide products of VP-16 displayed significantly diminished topoisomerase II-dependent cleavage of DNA and cytotoxicity to human HL-60 leukemia cells. LPS-mediated induction of nitric oxide synthase in murine macrophages resulted in VP-16 resistance compared to Raw cells. Furthermore, •NO products derived from iNOS rapidly reacted with VP-16 leading to decreased DNA damage and cytotoxicity. Together, these observations suggest that formation of •NO in tumors (associated macrophages) can contribute to VP-16 resistance via detoxification of VP-16.
Introduction
The phodophyllotoxin derivative Etoposide (VP-16) is one of the most active anticancer drugs for the treatment of a number of human cancers including lung, testicular and lymphoma. 1 Several studies have shown that VP-16 undergoes one-electron oxidation, catalyzed by peroxidases and cytochrome P-450, to generate o-dihydroxy-and o-quinone induce DNA strand breaks through a topo II-mediated mechanism. 8, 9 Furthermore, we have shown that the o-dihydroxy VP-16 chelates metal ions (Cu 2+ , Fe 3+ ) to generate reactive oxygen species that induce DNA single-and double-strand breaks. 10, 11 • has been reported to cause oxidative stress both in vitro and in vivo by directly oxidizing glutathione via the glutathione thioyl radical, resulting in the formation of oxidized glutathione. 12 In addition, VP-16-o-quinone has been reported to form glutathione adducts in HL60 cells. 13 While several studies have indicated that the formation of dihydroxy-and o-quinone derivatives of VP-16 may be responsible for the development of secondary leukemia, [14] [15] [16] the role of free radical formation still remains unclear in the mechanism of action of the drug in the killing of tumor cells.
•NO and/or its products (•NO 2 , ONOOH) have been reported to play significant roles in cancer biology, including the innate immune response, neovascularization, cancer metastasis and cell death. [17] [18] [19] [20] [21] Exposure to •NO (via NO donors) modulates activities of certain anticancer drugs. [22] [23] [24] •NO or its products have also been shown to react with a wide variety of substrates including amines, thiols and phenols. [25] [26] [27] [28] Phenols rapidly react with •NOderived species to form phenoxy radicals, quinones and nitrated phenols. Thus, tyrosine, a phenolic compound and/or its phenoxyl -free radical reacts with •NO-derived species to form nitrotyrosine, and the formation of nitrotyrosine in cellular proteins has been associated with compromised protein activities. 29, 30 Furthermore, •NO has been reported to react with the tyrosyl radical of ribonucleotide reductase, resulting in the inhibition of DNA synthesis and, ultimately, cell death. 31, 32 VP-16 contains a phenolic OH group in the 4′-position, and both the cytotoxicity and the binding of VP-16 to topo II are dependent upon the presence of this moiety. 8, 33, 34 We hypothesized that the phenolic OH of VP-16 is susceptible to reaction with •NO-derived species, forming VP-16• and subsequently other products, thereby affecting the efficacy of VP-16-containing chemotherapy regimes. Our results support the conclusion that the intermediate nitrogen oxide chemistry of VP-16 diminishes its cytotoxic activity towards cancer cells.
Materials and Methods
VP-16was the gift of the Drug Synthesis and Chemistry Branch, Development Therapeutic Program of NCI, NIH. Supercoiled pBR322 DNA, human topoisomerase II and SDS/KCl precipitation assay kits were obtained from Topogen, Inc., Columbus, Ohio. The NO donor compound sodium diethyl-NN(O) NO(DEANO) was obtained from Cayman Chemicals. 1400W, (N-(-aminomethyl)-benzyl)acetamidine), was purchased from Sigma Biochemical and was freshly prepared in the medium prior to use.
Stock solutions of VP-16 (10 mM) were freshly prepared in chloroform. The phenoxy radical (VP-16•) was generated from VP-16 (1 mM) with hydrogen peroxide (0.5 mM) in the presence of horseradish peroxidase (1 mg/ml) in phosphate buffered saline (PBS) as previously described. 3 VP-16• was subsequently extracted in chloroform. VP-16-o-quinone was prepared by a reaction of VP-16 with sodium periodate as described by Memec 35 and the authenticity and purity of the o-quinone was confirmed by both HPLC and mass spectrometric analysis with a molecular ion at 573 (M+1). HPLC for the analysis of the reaction products was carried out after removing the chloroform and dissolving the products in methanol as described previously, 3, 4 except that a C18 column was used and MeOHWater (60:40) was the mobile phase. Under these conditions, VP-16 and VP-16-o-quinone had retention times of 2.1 min and 2.7 min, respectively. Absorption spectra were recorded with a Cary UV-Vis Spectrophotometer (100 Bio, Varian). ESR was carried out at ambient temperature with a Bruker EMX spectrometer (Billerica, MA) equipped with an ER SHQ cavity operating at 9.80 GHz and 100 KHz modulation. Spectra were accumulated on a PC and simulated using software described previously. 36 For aqueous reactions, •NO was generated from either the decomposition of DEANO in PBS, pH 7.4 or NO-saturated PBS stock solution at 25°C. To generate NO-PBS stock solution, •NO gas (National Speciality Gas, 99.5% pure) was first passed through an anaerobic KOH solution into a gas-tight vessel containing PBS which was purged with argon. Stock solution of DEANO (10 mM) in 1.0 M KOH was used and was added to VP-16 solution in PBS. To generate •NO saturated chloroform stock solutions, •NO gas was first passed through an anaerobic KOH solution into a gas-tight vessel containing argon-purged chloroform. Chloroform was used because we found that the products formed from the reactions between VP-16 and nitric oxide were stable in chloroform for isolation and characterizations with ESR and UV-Vis spectroscopy. In contrast, the reaction products in aqueous medium were either not formed (no reddish color) or were not stable for further studies and characterization. In most cases, the saturated solution of •NO was added to a VP-16 solution which was also purged with argon gas and allowed to react for 5-10 min. The chloroform layer was separated and the resulting spectrum was recorded with either ESR or UV-Vis spectrophotometric analysis. For anaerobic studies with ESR, a chloroform solution of the reaction mixtures was transferred into an ESR flat cell under argon and analyzed by ESR.
Reaction products that formed following the reaction between •NO and VP-16 under various reaction conditions were isolated by removal of chloroform by an argon stream, and then dissolved in DMSO under argon. Cytotoxicity and DNA cleavage assays were carried out immediately following the product isolation, as decomposition indicated by color change from red to yellow was evident after 12-24 hr. under argon at -80°C.
DNA Cleavage Assay with pBR322
The formation of the cleavage complex in the presence of VP-16 and the products of its reaction with •NO/•NO 2 were analyzed using pBR322 supercoiled DNA according to previously published methods. 37, 38 Briefly, a 20 μl assay mixture contained 0.5 μg of pBR322 supercoiled DNA and an increasing concentration of drugs. The reaction was initiated by adding 5-6 units of topo II and incubating at 37°C for 30 min. The reaction was terminated by adding 2 μl of 0.5 M EDTA and 2 μl of 10% SDS. Proteinase K (2 μl of 1 mg/ml) was added to the reaction mixture and incubated for 45 min at 50°C. The mixture was heated to 70°C for 1 min before loading on-to 1% agarose gel for the DNA separation in Tris-acetate-EDTA buffer (pH 8.0). The DNA was stained with ethidium bromide and photographed.
Cytotoxicity Studies
The human HL-60 cells and Raw 264.7 macrophage cell lines (ATCC, Rockville, Maryland) were grown in either RPMI or phenol-red free DMEM media supplemented with 10% bovine serum and antibiotics, respectively. Raw cells were used for 15 passages after which cells were discarded and a new cell culture was started with fresh frozen stock. To induce iNOS, Raw cells were treated with LPS (1μg/ml) for 14-18 hrs.as described previously. [39] [40] [41] Cytotoxicity studies of products formed exogenously from the reaction of VP-16 with •NO/ •NO 2 were carried out with human HL60 cells (50,000) cultured in triplicate in 6-well plates in the complete RPMI media at 37°C for 4 days. The VP-16 was used for comparison, and DMSO was included with the cells. The intracellular reaction between VP-16 and endogenous •NO generated was examined in LPS-induced Raw cells by adding various concentrations of VP-16 to the induced Raw cells (1 × 10 6 ), seeded in six-well plates in duplicates in the phenol-free media. Medium (100 μl) was removed at the prescribed time (4 hrs.) and the concentration of nitrite determined by Griess reaction as previously described. 41 Cytotoxicity studies with Raw cells and LPS-induced Raw cells were carried out as described previously. 39 Briefly,cells (25,000-50,000/well) were plated in phenol Redfree medium and treated with VP-16 for 18 hrs. and the cytotoxicity was measured by the MTT assay. 42 The effects of W1400, an iNOS inhibitor, 43 on cytotoxicity of LPS-induced Raw cells were examined by pre-treating Raw cells with 50 uM W1400 for 2 hrs. before inducing cells with LPS for 18 hrs. Cells were washed twice with ice-cold medium and suspended in the complete medium; cytotoxicity and the nitrite determinations were then carried out as described above.
SDS-KCl Precipitation Assay
The formation of covalent topo II/DNA complexes with VP-16 in Raw cells (uninduced and LPS-induced) was quantitated by the SDS-KCl precipitation assay as described by Liu et al. 44 Briefly, DNA of Raw cells growing in the logarithmic phase (2 × 10 6 /ml) were labeled with [methyl-3H]-thymidine (5μci, 2Ci/mmol; Perkin-Elmer) for 18 hr. Cells were collected and washed twice with the medium, diluted in fresh medium and seeded into a six-well plate at a density of 2.5-3.0 × 10 5 cells/well. For the studies with the induced Raw cells, cells were labeled first and then induced with LPS (1μg/ml for 12-16 hrs.), washed and seeded in a six-well plate at 2.5-3.0 × 10 5 cell/well. VP-16, dissolved in DMSO, was added and incubated for 1 hr. Cells were collected by centrifugation, washed with PBS (2 ×) and lysed with 1 ml of pre-warmed lysis solution (Topogen). After lysis and shearing of DNA, DNATopo II-VP-16 complexes were precipitated with KCl. The precipitate was collected by centrifugation and washed extensively (four times) with the washing solution (Topogen) according to the manufacturer's instructions. The radioactivity was counted by adding 5 ml of scintillation fluid in a scintillation counter.
Results

UV-Vis Spectrophotometer characterization of the Reaction of VP-16 with •NO
The reaction of VP-16 in chloroform with •NO at low •NO to VP-16 ratios (2:1) resulted in the formation of a red product(s) which had absorption maxima of 479 and 291 nm ( Figure  1B ) and was significantly different than that of the unreacted VP-16 in the same solvent ( Figure 1A ). When the reaction was carried out under anaerobic conditions, no products were formed, indicating that the product formation was dependent upon the presence of molecular O 2 . The UV-Vis spectrum of this red product(s) was superimposable with that of the authentic VP-16-o-quinone ( Figure 1D ). It is of interest to note that when the reactions of •NO with VP-16 were carried out at a high •NO to VP-16 ratio (5:1), the formation of the red product was significantly decreased and only a very small amount of VP-16-o-quinone was detected by UV-Vis analysis at a much higher gain as shown in Figure 1C . Similar product formation was also observed when the VP-16• was reacted with •NO gas in chloroform; the resulting absorption spectrum was identical to that obtained from a direct reaction of VP-16 with •NO gas. This would suggest that the VP-16• is an obligatory intermediate for this •NO-dependent product formation from VP-16.
The O 2 dependency for the formation of brick-red product(s) in chloroform argues for •NO 2 formed during •NO autoxidation as the primary instigator oxidant in the formation of VP-16•. These data affirm that VP-16• once formed was subsequently vulnerable to direct reaction with •NO or other nitrogen oxide intermediates to form the o-quinone. Furthermore, the o-quinone chromophore of VP-16 was also susceptible to further reaction with •NO/
•NO-derived species.
ESR Characterization of the Reaction of VP-16 and •NO
To further discriminate among VP-16 intermediates generated by •NO exposure, reaction products were examined by real-time ESR. Although not apparent in the UV-Vis spectra, ESR analysis revealed that incubation of VP-16 in PBS with •NO generated from DEANO or •NO gas (aerobically) resulted in the formation of the previously characterized VP-16•. 8 The spectrum depicted in Figure 2a In contrast to the ESR spectrum obtained in aqueous medium, the deep orange/red reaction products formed consequent to either VP-16 or VP-16• exposure to •NO in chloroform yielded a complex mixture of ESR spectra which was dependent upon the presence of molecular O 2, as no radicals were detected under anaerobic conditions. The ESR-detectable products had a coupling constant of a N = 14.8 G, characteristics of a nitroxide radical (Figure 2d, Panel B) . In the presence of excess •NO (or when the reaction was allowed to continue for >10 min) similar radical products were formed; however, there was significant line-broadening indicating the presence of more nitroxide species (Figure 2 
Compromise of VP-16 Cytotoxicity
Since the reaction of •NO with VP-16 results in the formation of a number of products, we determined whether this reaction may alter its cytotoxic profile towards cancer cells. In human HL-60 leukemia cells, exposure to increasing concentrations of VP-16 resulted in a significant cell killing with an IC 50 of 1 × 10 −8 M (Figure 3, Panel A) . In contrast, cytotoxicity was decreased by several order of magnitude (IC 50 >10 −5 M) when cells were exposed to VP-16-NO-derived products.
A mechanism of action of VP-16 is believed to result from the inhibition of topo II function and induction of DNA damage, resulting in both single-and double-strand breaks and ultimately in cell death. Using purified topo II enzyme, we examined the ability of VP-16-NO-derived products to induce DNA cleavage in pBR322 DNA. Our results indicated that VP-16 was significantly (4-5-fold) more active in inducing topo II-dependent DNA cleavage than products formed from the reaction of VP-16 with •NO (Figure 3, Panel B) . At lower concentrations, these products induced no DNA cleavage (data not shown) and required significantly higher concentrations of the products (e.g. 200 μM) to detect DNA cleavage ( Figure 3, Panel B, lane-6) . These results suggest then that the reduced cytotoxicity observed against HL60 cells by the VP-16 and •NO reaction product is related to the reduced topo IImediated DNA cleavage.
Since the products of VP-16 reaction with •NO/•NO-related species in our in vitro systems were less cytotoxic to HL-60 cells and induced significantly less DNA cleavage in pBR322 DNA, we investigated whether endogenous formation of •NO catalyzed by NOS in cells could react and affect the cytotoxicity of VP-16. To assess this, we used a mouse macrophage Raw cell line which has been shown to express iNOS and is rapidly induced by LPS to produce •NO and •NO-derived species. [39] [40] [41] The formation of •NO in Raw cells was confirmed in this study with Griess reaction (control = 50.3 ± 4.0 μM nitrite; Figure 4) . The results show that the presence of nitrite was significantly decreased in the presence of VP-16 ( Figure 4A ). The data is consistent with the reaction of •NO/•NO 2 precluding formation of nitrite, the final product of •NO autooxidation. 41 The cytotoxicity studies indicated that Raw cells when induced to produce •NO via iNOS become significantly resistant to killing by VP-16 ( Figure 4B ) as indicated by a more than 5-fold shift in IC 50 values between the uninduced and the induced Raw cells. In order to further confirm that •NO generated from iNOS in the LPS-induced Raw cells was responsible for decreasing VP-16 cytotoxicity, cytotoxicity studies were carried out in the presence of 1400W, a selective inhibitor of iNOS. 43 The impact of NOS activity on tumor biology is diverse and dependent on a myriad of host microenvironment factors. 46, 47 Likewise, •NO and its nitrogen oxide products can affect cancer therapy either positively or negatively. 48 The present study shows significant oxidative chemistry of •NO with VP-16. Data from both UV-Vis and ESR spectral analysis suggest that the reaction initiates through the obligate intermediacy of the 4′-phenoxy radical, with subsequent formation of o-quinone and short-lived VP-16 nitrogen oxide species. Reaction between •NO and phenolic compounds has been the subject of numerous publications. [25] [26] [27] [28] A key initiator in these reactions is the autoxidation of •NO. 49, 50 In the presence of molecular O 2 , •NO autoxidation results in formation of the •NO 2 radical, which can attack the electron rich phenolic OH group to generate the phenoxyl radical. 51, 52 In this study, the formation of VP-16• and other radicals required the presence of molecular O 2 intermediates e.g., quinone methides formed from the VP-16•. 3 The formation of two similar nitrogen-centered species would suggest that two different quinone methides are involved, analogous to the peroxidase metabolism of VP-16 3 and/or rearrangement of the radical species. If a nitroxide radical is formed from the addition of •NO to the meta-positions (3′ and 5′) of the E-ring of VP-16, the two nitroxides so formed would be similar but not identical (3′-vs. 5′-position) as indicated by ESR coupling constants.
Formation of nitroxide radicals is also indicated during photolysis of DMSO or nitrosothiols/thiols in the presence of nitric oxide, resulting in three-line ESR spectra with 14-18 G splitting constants. 53 The large coupling constant (e.g., a N = 26-30 G) observed in this study from the reaction of VP-16 with •NO/•NO 2 would imply formation of an iminoxyl radical. Formation of an iminoxyl radical has been suggested by Gunther et al. 45 from trapping of nitric oxide by tyrosyl radical (a phenoxy radical) and subsequently confirmed by direct ESR during the formation of nitrotyrosine.
It has been extensively reported that the interaction of VP-16 with topo-II causes both protein-associated DNA single-and double-strand breaks, 34, [54] [55] [56] which in the absence of DNA repair results in cell death. Indeed, a significant decrease in VP-16-dependent DNA damage and cell death was observed in cell lines where the activity of topo-II had been compromised. 55, 56 Our finding with HL-60 cells clearly indicates that products of VP-16 exposed to •NO (in the presence of O 2 ) were no longer cytotoxic and lacked sufficient ability to induce topo II-dependent DNA cleavage in pBR322 DNA (Figure 3 ).
To address the relevance of this •NO chemistry observed in vitro, expression of iNOS in macrophage Raw 264.7 cells was utilized to directly elucidate the role of •NO in the cytotoxicity of VP-16. Our studies clearly show that the induction of iNOS catalysis in Raw cells resulted in a concomitant decrease (more than 5-fold) in VP-16 cytotoxicity compared to the uninduced Raw cells ( Figure 4B) . Furthermore, the presence of VP-16 in Raw macrophages resulted in a significant decrease in the formation of nitrite in the extracellular medium ( Figure 4A ). Studies carried out in the presence of iNOS inhibitor (1400W) further supports our conclusions that •NO generated via induction of NOS was responsible for significantly decreasing VP-16 activity towards LPS-induced Raw cells. Together, these data indicate that endogenously formed •NO (or •NO-derived species) in Raw cells reacted with VP-16 to generate less active metabolites of VP-16 for the significantly reduced VP-16 cytotoxicity as shown in our in vitro studies.
We conclude that iNOS catalysis within Raw cells was sufficient to directly render detoxification of active VP-16 via •NO/•NO 2 -dependent oxidative reactions. Microenvironmental physical chemistry influences on this iNOS-dependent detoxification process are of particular interest. •NO will readily partition into a hydrophobic medium, such as the interior of membranes. 48 This, in combination with a relatively high rate of •NO generation from iNOS catalysis, facilitates •NO autoxidation and formation of •NO 2 . 49, 52, 56 The organic solubility of VP-16 may likewise localize and enhance interactions with the accrued maelstrom of reactive nitrogen oxides. The occurrence of both augmented iNOS catalysis 46, 47 and alterations in cancer cell plasma membrane architecture (e.g., cholesterol, lipid rafts [57] [58] [59] ) support a "shield" mechanism 57, 59 that may predispose resistance toward VP-16 and other chemotherapeutics with similar features (e.g., teniposide).
The tumor microenvironment contains many cell types, and the most common to all tumors is the presence of inflammatory cells or macrophages. [60] [61] [62] It has been shown that the presence of macrophages in tumors is associated with tumor progression, tumor growth and poor prognosis. 47, 63 In tumors under selection pressure from chemotherapeutics, a putative shield mechanism may skew adaptation toward iNOS expression and membrane composition/dynamics that ultimately contribute to increased resistance and treatment failure. We conclude from our findings that hydrophilic lensing 50, 57, 59 of •NO oxidative chemistry can detoxify VP-16 through direct nitrogen oxide radical attack. VP-16 is currently used for the treatment of a variety of cancers (e.g., lung, melanoma, breast) known to have pronounced iNOS involvement. 21, 64 From a translational viewpoint, it is tempting to suggest that the use of VP-16 and related anticancer drugs capable of reacting with •NO/ •NO 2 may be ill-advised for patients harboring cancers with intensive iNOS-activity. 
